a complex of proteins that assemble at sites of attachMouse F9 embryonic carcinoma 5.51 cells that lack ment of the cell to the extracellular matrix [1] . The the cytoskeletal protein vinculin spread poorly on ex-transmembrane proteins mediating these contacts are tracellular matrix compared with wild-type F9 cells members of the integrin family of extracellular matrix or two vinculin-transfected clones (5.51Vin3 and Vin4; (ECM) receptors. Integrins are heterodimeric comSamuels et al., 1993, J. Cell Biol. 121, 909-921). In the plexes in which both chains span the plasma mempresent study, we used this model system to determine brane bilayer once, and the cytoplasmic domain is rehow the presence of vinculin promotes cytoskeletal al-sponsible for linkage of the actin cytoskeleton. A numterations and associated changes in cell shape. Micro-ber of proteins are found in focal adhesions at the scopic analysis of cell spreading at early times, re-intracellular face of the plasma membrane, including vealed that 5.51 cells retained the ability to form filo-vinculin, a-actinin, paxillin, and talin [2, 3] . Which propodia; however, they could not form lamellipodia, teins are absolutely required for the formation of focal assemble stress fibers, or efficiently spread over the adhesions is still under investigation, and the order We have been studying a mutant F9 embryonic carciical coupling, and the formation of actin stress fibers noma cell line (called 5.51) that adheres poorly to subwere all restored to near wild-type levels. These find-strates and does not differentiate into a polarized epiings suggest that vinculin may promote cell spreading thelium [9, 10] . The protein vinculin is not detected in by stabilizing focal adhesions and transferring me-5.51 cells. Vinculin is a 117-kDa protein that localizes chanical stresses that drive cytoskeletal remodeling, at focal contacts and intercellular adherens junctions rather than by altering the total level of actin polymer-
INTRODUCTION
In focal adhesions, vinculin binds to talin [12] , a-acOne of the links between the actin cytoskeleton and tinin [13] , paxillin [14] , actin [15] , and forms homodithe plasma membrane, the focal adhesion, consists of mers [16] . The binding of vinculin to talin and actin is tion of 5 mg/cm 2 combination in F9 cells, resulted in poor spreading and ware (Universal Imaging Corp., West Chester, PA) was used to enincreased motility [22] [23] [24] . These results raise the pos-hance fine details (sharpening and increasing contrast) and to digisibility that the absence of vinculin in 5.51 cells may tize the images for quantitation. decrease cell adhesion by inhibiting focal adhesion asDetermination of cell spreading. F9 cell lines were cultured on glass coverslips coated with fibronectin and poly-D-lysine as desembly and preventing actin polymerization, whereas scribed above. The cells were fixed at 5 and 45 min after plating, overexpression of vinculin may restore adhesion and stained for F-actin with rhodamine-phalloidin, and confocal images spreading by promoting recruitment of cytoskeletal of the ventral surface of the cell in contact with the substrate were proteins to the focal adhesion complex at the site of collected. The edge of the cell was defined as the border of F-actin integrin binding. Alternatively, the presence of vin-staining at the cell periphery. The projection area of the cells was then determined by planimetry of the digitized confocal images using culin could promote cell spreading by providing a path Image-1 software. One hundred cells were measured for each cell for transfer of mechanical stresses that can drive cytype and time point. Also, to eliminate the effects of cell-cell contacts toskeletal remodeling directly [4, 7, 25 ].
on cell spreading, only cells not touching each other were measured.
In this study, we attempted to discriminate between that vinculin is important for the linkage of integrins Four hours after plating the dishes were rinsed twice with PBS to to the cytoskeleton. We hypothesize and demonstrate remove nonadherent cells and fixed for 15 min in 4% paraformaldethat the ability of cells to extend lamellipodia and hyde and 0.1% Triton X-100 in a buffer containing 60 mM Pipes, 25 spread correlates directly with the efficiency of me-mM Hepes, 10 mM EGTA, 1 mM MgCl 2 (pH 6.9). This buffer, called chanical coupling via vinculin, rather than with a PHEM, was originally described by [27] . The plates were then washed twice in PHEM containing 0.1% saponin (saponin-PHEM) change in net actin polymerization or cross-linking.
and stained for 1 h in rhodamine-phalloidin (0.5 mM in saponin-PHEM, 2 ml/dish). Following incubation, the cells were washed three
MATERIALS AND METHODS
times in saponin-PHEM and destained with absolute methanol (3 ml/dish). The amount of rhodamine-phalloidin was determined by measuring the fluorescence of the methanol in a SLM spectrofluoCell culture. The wild-type and vinculin-transfected F9 cell lines rimeter (excitation at 550 nm; emission at 580 nm). The relative Fwere maintained on 1% gelatin-coated charged plastic culture dishes actin content was calculated by dividing the fluorescence emission in high-glucose (4.5 g/L) Dulbecco's modified Eagle's medium suppleby the number of cells per dish. The number of cells per dish was mented with 10% calf serum and 1% L-glutamine, penicillin, and streptomycin. The 5.51 cells were grown in suspension in the same determined by counting the number of cells in 10 microscope fields medium.
(for each dish) using a 20X objective and phase-contrast optics and extrapolating the area counted to the total area of the dish.
Antibodies and fluorescent probes. A mouse monoclonal antibody
The content of cross-linked actin in the F9 cell lines was deterto bovine mammary gland epithelium a-actinin (catalogue number mined by measuring the amount of actin associated with the Triton-A-5044) was purchased from Sigma Chemical Co. (St. Louis, MO).
insoluble cytoskeleton. F9 cells were plated and grown as described Mouse monoclonal antibodies to human smooth muscle vinculin (catfor measuring the relative amount of F-actin. The plates were rinsed alogue number MAB 1624) and chicken paxillin (catalogue number MAB3060) were purchased from Chemicon International (Temecula, twice with PBS and extracted for 5 min with PHEM containing 1% CA). A rabbit polyclonal antibody to human platelet talin was the Triton X-100 and the following protease inhibitors; 1 mM PMSF generous gift of Dr. Keith Burridge (University of North Carolina, and 10 mg/ml each of benzamidine HCl, aprotinin, and leupeptin. Chapel Hill). The anti-actin mouse monoclonal antibody, C4, raised Following extraction, the attached cellular components were scraped against chicken gizzard actin was a gift from Dr. James Lessard from the dish, and the mixture was centrifuged for 15 min at 14,000g (Children's Hospital Foundation for Medical Research, Cincinatti, to separate the Triton-soluble supernatant from the Triton-insoluble OH). Rhodamine-phalloidin was purchased from Molecular Probes pellet fractions. For SDS-polyacrylamide electrophoresis the Triton-(Eugene, OR).
soluble supernatants were mixed with 1/10th volume sample buffer [consisting of 2% SDS, 20% glycerol, and 0.2 M dithiothreitol in 50 Time-lapse video microscopy. F9 cell lines were plated on 25-mm circular No. 1 glass coverslips which had been coated with a combina-mM Tris-glycine buffer (pH 6.8)], and the Triton-insoluble pellets were sonicated for 10 s in 20 vol of sample buffer. All samples were out long filopodia. This was soon followed by veil-like boiled for 5 min prior to electrophoresis on SDS-polyacrylamide gels. lamellipodia which increased the surface area of the Electrophoresis and immunoblotting. Triton-soluble and -insolu-cell's attachment to the substrate. After attachment, ble samples of F9 cells were electrophoresed on 5-15% SDS-poly-the cell periphery displayed retrograde waves of dorsal contained between 80 and 95% of the amount of F-actin taining 1% BSA and the wells were placed into the magnetic twisting device and maintained at 37ЊC. Controlled mechanical stresses were present in wild-type cells (Fig. 2) . Thus, there was no applied directly to cell surface integrins by mechanically twisting correlation between the absence or presence of vinculin these surface-bound RGD-coated microbeads, as previously described and the total amount of F-actin in 5.51 cells. To deter- [25] . Mechanical stiffness of the focal adhesion and internal cytoskel-mine the amount of cross-linked actin in the F9 cell eton (i.e., its ability to resist mechanical deformation) was measured lines, detergent (Triton X-100)-soluble and -insoluble by quantitating angular strain after applying a twisting magnetic field of 13.3 Gauss (i.e., a stress of 40 dyn/cm 2 ) to the attached RGD fractions were electrophoretically separated in 5-15% magnetic beads 20 s after they were initially magnetized by a 10-ms SDS-polyacrylamide gels (Fig. 3A) , and the amount of 1000-Gauss magnetic pulse. actin present in the extracts was determined by densiConfocal microscopy. F9 cell lines were cultured on glass covtometry of Coomassie blue-stained gels and immuerslips coated with fibronectin and poly-D-lysine as described above.
noblots stained with anti-actin antibodies (see MateriTwelve hours after plating, the cells were fixed in 4% paraformaldehyde for 15 min followed by three washes in phosphate-buffered als and Methods). The insoluble fraction contained the saline (PBS, pH 7.4) and extracted for 2 min in 0.2% Triton X-100. detergent-resistant cytoskeleton including cross-linked All procedures were done at room temperature (Ç22ЊC). Following actin filaments. There was no detectable difference in extraction, cells were washed for 10 min in PBS and then stained the distribution of actin in the detergent-soluble and with rhodamine-phalloidin (diluted 1:100 in PBS). After staining, -insoluble fractions of wild-type F9, 5.51, 5.51Vin3, and the coverslips were washed in PBS (three changes, 15 min each), and a drop of 1% n-propyl gallate (used to reduce photobleaching of 5.51Vin4 cells (Fig. 3B) . In all the cell lines, the deterfluorescence, Sigma Chemical Co.) in a 8:2 mixture of glycerol and gent-soluble fraction contained 30% actin and the -in-PBS (pH 8.5) was added to each coverslip before sealing with nail soluble fraction contained 70% actin. This result sugpolish. The samples were examined using a confocal imaging system gests that the amount of cross-linked actin in F9 cells 
Distribution of focal adhesion complex proteins in F9 cell detergent extracts. To determine if the absence of

RESULTS
vinculin affected the amount and distribution of focal adhesion proteins in the detergent-soluble and -insoluble fractions (i.e., association with the detergent-resisCell spreading. Time-lapse video microscopy was tant cytoskeleton), immunoblots of F9 cell extracts used to examine and to compare the motile behavior of were stained with antibodies to focal adhesion proteins the wild-type and 5.51 cells (Fig. 1) . Wild-type F9 cells adhered to fibronectin-coated surfaces by first sending (Figs. 3C-3F ). Based on densitometry, 40% of the total 51 cell (B, D, F) . Trypsinized cells were added to fibronectincoated coverslips and examined from below with an inverted microscope using video-enhanced Nomarski DIC optics, and images were recorded onto a laser disk. Five minutes after addition to the coverslip (A), the wild-type cell was rounded and had filopodia that made contact with the substrate (arrow in A). At 10 (C) and 15 (E) min, the cell was flattened and lamellipodia (arrowheads) extended outward from the cell body. In contrast, the 5.51 cell remained rounded and only had extending and retracting filopodia (arrows in B, D, and F) when examined at the same time intervals as the wild-type cell. Bar in (F), 10 mm. (Fig. 3F) . at intervals along actin stress fibers and was concentrated in focal contacts (Fig. 4) . In the vinculin-deficient cell lines was determined by the organization of F-actin, the interaction of a-actinin with F-actin did not appear to be affected by the loss of vinculin. vinculin was in the cytoskeleton fraction in wild-type
In the wild-type F9 cells, paxillin and talin were all F9 cells. Vinculin protein was not detected in extracts concentrated in focal contacts at the ends of stress fiof 5.51 cells. In 5.51Vin3 cells, which express 20-fold bers (Figs. 5 and 6). In 5.51 cells, however, talin colocalmore vinculin than wild-type cells [19] , 20% of the vin-ized with F-actin in patches near the plasma memculin was in the cytoskeleton fraction, whereas 50% of brane, and paxillin was diffusely distributed in the cyvinculin was in the cytoskeleton fraction of 5.51Vin4 toplasm. Since paxillin is known to bind only to cells which express moderate amounts of vinculin [19] . vinculin, the diffuse distribution of paxillin in 5.51 cells The amount of vinculin in the cytoskeleton fraction of may be directly due to the absence of vinculin. The 5.51Vin3 cells was equivalent to the amount of vinculin transfection of vinculin into 5.51 cells restored the loin the cytoskeleton in wild-type cells (Fig. 3B , compare calization of paxillin and talin to the pattern observed lanes 1 and 3).
in wild-type F9 cells, i.e., at the ends of stress fibers Staining of immunoblots of F9 cell detergent extracts (Figs. 5 and 6, panels E-H). with antibodies to a-actinin (Fig. 3D) showed that 70%
Mechanical coupling of integrins to the cytoskeleton. of a-actinin was in the cytoskeleton fraction in wild-The efficiency of mechanical force transfer between intype cells. In contrast, in 5.51 cells, only 20% of a-tegrins and the cytoskeleton in F9 cells was determined actinin was in the cytoskeleton fraction. In 5.51Vin3 using a magnetic twisting cytometer. Controlled meand 5.51Vin4 cells, the amounts of a-actinin in the cy-chanical stresses were applied directly to cell surface toskeleton fractions were 50 and 70%, respectively. This was still greater than the 20% a-actinin present in the cytoskeletal fraction of 5.51 cells. These data suggest that the association of a-actinin with the cytoskeleton is affected by the amount of vinculin in the F9 cells. Since a-actinin organizes actin filaments into bundles and associates with stress fibers, the smaller proportion of a-actinin in the cytoskeleton fraction of 5.51 cells may be due to the absence of stress fibers in these cells [19, 29] .
In immunoblots of detergent-extracted F9 cells stained with antibodies to paxillin (Fig. 3E) , 40% of the total paxillin was in the cytoskeleton fraction of wildtype cells. In 5.51 cells, 15% of paxillin was in the cytoskeleton fraction, while 30% of paxillin was present in the cytoskeleton of 5.51Vin3 and Vin4 cells. The ( Fig. 3B, lanes 3) . The amount of talin in the cytoskele- integrins via bound RGD-coated magnetic microbeads toskeleton respond to stress application by getting stiffer and stiffer whereas transmembrane metabolic and the cytoskeletal response was measured simultaneously using cell magnetometry [7] . Using this sys-receptors show little resistance to stress. As shown in Fig. 7 , the stiffness of the integrin-cytoskeletal linkages tem, transmembrane integrin receptors that form focal adhesions and structurally couple to the internal cy-in 5.51 cells was reduced to ú50% of that measured in More importantly, all of these deficiencies age to the integrin-linked cytoskeleton (see Fig. 7 ).
could be reversed by replacing vinculin through transThese results indicate that the focal adhesions that fection in two different F9 cell lines. Thus, at least in form in response to RGD-bead binding in 5.51 cells 5.51 cells, vinculin appears to play a key role in shape were less able to resist mechanical deformation and control based on its ability to modulate focal adhesion less effective at transmitting mechanical stress to the structure and function. internal cytoskeleton. Confocal microscopy confirmed
Most past work on cell shape control focused on the that less F-actin was associated with the RGD-beads mechanism by which motile cells extend small proin 5.51 cells than in wild-type cells (Fig. 8) . The absence cesses, such as filopodia and lamellipodia. Much less of an extensive F-actin network in this region may, in is known about how cells change from round to spread part, account for the decreased resistance to magnetic following adhesion or when they are nonmotile. Howtwisting exhibited by 5.51 cells.
ever, all cell shape changes are mediated through cytoskeletal reorganization. For example, suspended DISCUSSION cells contain a continuous microfilament lattice that is loosely packed and isotropic (nonoriented) when round To understand the role of vinculin in cell shape control, it is necessary to consider the biophysical basis of and free of anchorage [27, 31, 32] . As cells attach and spread on extracellular matrix, this loose network re-sions of lamellipodia while in its absence, only filopodia would form. Another possibility is that vinculin promodels locally between fixed focal adhesions and forms microfilament bundles that are known as ''stress fi-motes lamellipodia extension and cell spreading indirectly by stabilizing focal adhesion structure (e.g., stiffbers.'' Importantly, these changes in microfilament organization and cell shape proceed without altering to-ness), as demonstrated in the magnetic bead twisting studies. This, in turn, would allow cells to exert cytal microfilament number [33] or the total amount of F-actin [6, 34] . In fact, one possibility is that these toskeletal tension on the extracellular matrix, increase internal isometric tension within the whole cytoskelechanges in cytoskeletal organization result from ''tension-molding'' of the flexible microfilament networks ton and, hence, to drive local cytoskeletal remodeling events in the apex of the cell as well as at the cell base. when cells apply tension to ECM and thereby increase isometric tension in the cytoskeleton that stretches be-For example, structural modeling studies show that increased isometric tension in the cytoskeleton can extween isolated focal adhesions [4, 35, 36] . Our finding that transfection of vinculin into 5.51 cells promoted plain how triangulated nets of microfilaments form in apical regions of spreading cells as well as basal stress stress fiber formation and cell spreading by stabilizing focal adhesions and supporting transfer of mechanical fibers, in the absence of net changes in actin polymerization or cross-linking [4, 5] . Importantly, vertices of stresses across the cell surface, rather than by altering the total amount of F-actin polymer or cross-linking, is triangulated actin nets (e.g., actin geodomes) appear to serve as preferred niduses for actin polymerization consistent with this hypothesis. In fact, ''stress fiber'' formation can be artificially induced by applying me- [40, 41] . Thus, failure to form well-developed focal adhesions in the vinculin-deficient cells could result in chanical tension to the cell surface both in vitro [37, 38] and in vivo [39] .
both decreased stiffening and incomplete tension molding of the actin cytoskeleton. This would suppress both Work on the cytoskeletal basis of cell motility has revealed that formation of both filopodia and lamelli-lateral membrane extension and cell spreading.
Key to all of these processes is the clustering of intepodia involves changes in microfilament assembly. The stiff actin bundles that form the central cores of filo-grins and the formation of a stable focal adhesion complex that can bear mechanical loads. The presence of podia and extend from the central microfilament lattice [40, 41] and push the cortical membrane outward are focal adhesions, as monitored by interference reflection microscopy and staining for characteristic proteins a result of actin polymerization, either alone or in combination with osmotic forces [42] [43] [44] [45] . Vinculin appar-(e.g., a-actinin, paxillin, and talin), coincided with the loss and reintroduction of vinculin in F9 cells [19, 29] . ently is not required for this form of actin assembly given that 5.51 cells continued to extend filopodia, even Furthermore, using atomic force microscopy and rheology, the 5.51 cells displayed marked differences in viswhen round. In contrast, lamellipodial extension was only observed in cells that contained vinculin. Some coelasticity [52] . Although the sequence of events leading to focal adhesion complex formation is not fully models of lamellipodial formation similarly depend on actin polymerization, alone or in combination with os-understood there is reason to believe that adhesion can be established by an alternative mechanism(s) involvmotic forces [42] [43] [44] [45] . Others are based on myosin-dependent movements of actin filaments at the leading ing a-actinin or talin, both of which can bind to actin and integrins [23, 24, 53, 54] . For example, talin and edge [46, 47] . The vinculin-deficient 5.51 cells contained normal amounts of talin and a-actinin, two focal F-actin can accumulate before vinculin at the site where focal adhesions will eventually form in spreadadhesion proteins capable of binding actin [48, 49] , but their presence alone was not sufficient to induce forma-ing fibroblasts [55, 56] . Talin also colocalizes with Factin in patches near the plasma membrane in 5.51 tion of lamellipodia or stress fibers. Actin polymerization per se clearly was not inhibited since filopodia ex-cells. Our mechanical twisting data also show that F9 cells exhibit some mechanical coupling between intetended normally in 5.51 cells and there was no significant difference in the total amount of F-actin polymer grins and the cytoskeleton. However, the presence of vinculin appears to be required for optimal mechanical in the four different F9 cell lines. There also was no difference in total actin cross-linking. stability of the focal adhesion complex, a structural feature that appears to be critical for cell adhesion and One interpretation of these results is that talin supports linear membrane extension (i.e., filopodia) driven spreading as well as cytoskeletal reorganization.
Recently, a vinculin knockout was created by homoloby actin polymerization, in the absence of vinculin. While talin self-associates to form dimers, vinculin gous recombination. These cells differ from the 5.51 cells in that adhesion is only slightly inhibited [23, 24] . forms multimers [16, 50] . Furthermore, talin dimers may themselves be linked by vinculin [51] . In addition, It is possible that knocking out vinculin in these cells has produced some compensatory mechanism that is vinculin binds to a-actinin, an actin cross-linking protein, while talin does not. In this manner, vinculin may not found in 5.51 cells or there is some other caveat that remains to be determined. However, regardless of support the broader, more stable cytoplasmic exten-
